Partial sequences of the cytochrome b gene (402 bp) in mtDNA were determined for brackishwater gobiid fishes, genus Tridentiger, collected from geographically distant locations in the Japanese Archipelago, and their interspecific and geographic variations were analyzed and compared. Contrary to the results of a previous allozyme analysis which revealed the existence of considerable genetic divergence (Nei's genetic distance > 0.5) between T. obscurus and T. brevispinis, the mtDNA haplotypes (mitotypes) of these two species were very similar and could not be distinguished by any of the neighbor-joining, maximum-likelihood or parsimony analyses. Hybrid individuals between the two species were also found, with several mitotypes being shared by both species and their hybrids. The phylogenetic relationships of mitotypes were divided into three subgroups, the geographical distributions of the latter being allied to geographical features of the Archipelago. These results suggested the occurrence of multiregional introgression between the two species, with mitotypes transferring from one species to the other.
Introduction
The Gobiidae (Teleostei, Perciformes) is one of the most species-rich vertebrate families. Although many species are yet undescribed, about 212 genera comprising 1,875 species are known to date (Nelson 1994) . They are distributed worldwide throughout tropical and temperate waters, having adopted various life histories enabling their adaptation to a range of environments. Accordingly, they are highly suitable for the study of relationships between speciation and adaptive radiation once their phylogenetic relationships have been established.
Among the gobiid fishes, the genus Tridentiger is one of the dominant genera inhabiting freshwater and marine environments around Japan. The genus is considered to include a sibling species complex comprising three "species,"
T. obscurus, T. brevispinis, and T. kuroiwae (T. obscurus complex), which differ from each other in color pattern, habitat, geographic distribution (Akihito 1987; Akihito et al. 1993 ) and isozyme loci (Kim and Yang 1995; Mukai et al. 1996) . Tridentiger brevispinis and T. kuroiwae are allopatric, the former being widely distributed around the Japanese Archipelago, except the Ryukyu Islands, and the latter being restricted to the Ryukyu Islands. For this reason they have often been treated as subspecies of a single species, "T. kuroiwae brevispinis" and "T. k. kuroiwae" (Kawanabe and Mizuno 1989) . In an earlier allozyme analysis (Mukai et al. 1996) , T. brevispinis was found to be closely related to T. kuroiwae, although whether or not they represented a single species was unclear ( fig. 1 ). On the other hand, T. obscurus and T. brevispinis, which often occur sympatrically, have been treated as valid biological species (Akihito 1987) . They are genetically distinct from each other (Mukai et al. 1996) , with 4 of 14 isozyme loci showing allelic substitutions among the two species (Nei's genetic distance > 0.5) (Nei 1987) (fig.  1 ).
In the present study, we carried out partial nucleotide sequencing of the cytochrome b gene of mitochondrial DNA (mtDNA) of the T. obscurus complex and compared the mtDNA phylogeny to the nuclear phylogeny from isozyme loci, on the premise of mtDNA being a very good molecular marker for reconstructing animal phylogenys (Avise et al. 1987; Meyer 1994) . The results obtained, however, were completely unanticipated from the point of view of the earlier allozyme analysis, the phylogenetic relationships based on mtDNA analysis being related not to species' boundaries, but to geographical features. Such may reflect the occurrence of multiregional mtDNA introgression between T. obscurus and T. brevispinis. This is the first report of multiregional introgression and indicates that the two taxa, which were once geographically separated, are now hybridizing without an apparent hybrid zone. The occurrence of multiregional introgression may be an important factor for consideration in any phylogenetic reconstruction of fishes.
Materials and Methods

Specimens and Species Identification
A total of 62 specimens belonging to the three taxa T. obscurus, T. brevispinis, and T. kuroiwae were collected in 1993-1996 at 20 locations ( fig. 2 ). In addition, specimens of T. bifasciatus and T. trigonocephalus were also collected from Lake Hinuma and Isahaya Bay, respectively, in 1993 for outgroup comparison. Living specimens were transported to the laboratory and stored at -20°C or -80°C until required. Species identification and nomenclature followed Akihito et al. (1993) . Many of the specimens (32 individuals) were used in an earlier allozyme analysis, (Mukai et al. 1996) and their identities were confirmed by the results. Of the remainder, the identities of 1, 3, and r Mukai et al. (1996) . The fish illustrations are modified from Akihito (1987) . For population numbers and symbols, see figure 2. 2.-Locations of collection sites for the Tridentiger obscurus species complex. 1, Lake Hachirou-gata; 2, Lake Kamo; 3, Lake Nakaumi; 4, Lake Shinji; 5, Sakai River; 6, Kano-o River; 7, Kawara O-Ike; 8, Takase River; 9, Moune Bay; 10, Lake Hinuma; 11, Lake Kitaura; 12, Tsurumi River (lower. basin); 13, Tsurumi River (estuary); 14, Koajiro Bay; 15, Maeda River; 16, Hatauchi River; 17, Maekawa River; 18, Yanma River (Amami 0-Shima Island); 19, Genka River (Okinawa Island); and 20, Nakama River (Iriomote Island). The collection sites for T. obscurus are shown by solid circles, those for T. brevispinis are shown by open circles, and those for T. kuroiwae are shown by asterisks.
The half closed circle (no. 10) shows the sympatric populations of T. obscurus and T. brevispinis. 1260 Mukai et al. 11 specimens of T. kuroiwae, T. obscurus, and T. brevispinis, respectively, were also confirmed by allozyme analysis. Two specimens collected from Lake Hinuma ( fig. 2 , no. 10) were identified as Fr hybrids of T. obscums and T. brevispinis following allozyme analysis according to Mukai et al. (1996) . Both specimens showed a heterozygotic band pattern at three loci: the tetrameric protein LDH had 5 bands, and the dimeric proteins ODH and SOD each had 3 bands (data not shown).
DNA Isolation, Amplification, and Sequencing
The total DNA was extracted from the skeletal muscle by proteinase K digestion, phenol/chloroform extraction, and ethanol precipitation.
Each DNA sample was dissolved in 1 mM EDTA buffered with 10 mM Tiis at pH 8.0.
A partial region of the mitochondrial cytochrome b gene (about 700 bp) was amplified by the polymerase chain reaction (PCR) (Saiki et al. 1988 ) using the following primer pair: tRNAIF2 (5'-ARY GCH ACM CTH MCH CGA-3') and RV (5'-TYC GAC YYC CGR WTT ACA AGA CCG-3'). The total region of the cytochrome b gene (about 1,100 bp) was also amplified in some specimens using another primer pair, CybF (5'-AGG CCT GTG GCT TGA AAA ACC A-3') and RV, both of which were designed from the conservative region of the cytochrome b gene and the tRNA gene sequences of rice fishes, Oryzias spp., by M. Matsuda, Niigata University. AmpliTaq DNA polymerase (Per-kin Elmer Cetus) or KlenTaq (AT PEPTIDE) was used for PCR. The temperature regimen for 30 or 40 cycles was 1 min at 95°C for denaturarion, 1 min at 50°C for annealing, and 2 min at 70°C for extension. The amplified products were purified and concentrated by a spin column of UFC3LTKOO (Millipore Japan).
Direct sequencing of the products was performed using a SequiTherm Cycle sequencing kit (Epicentre Technologies).
At first, the reverse primer RV was used for sequencing in some specimens, with the following internal primers being designed from the sequence initially obtained: two forward primers, tRNAIF3 (5'-TH GGV GAY CCW GAY AAC TT-3') and TF-1 (5'-CCA GCA GGM TTA AAY TCA GAT G-3'), and two reverse primers, TMF (5'-TM ARG CM' CGY TGT TTR GAG-3') and TR-1 (5'-G AAG TAG AGR AAK GAT GCA AC-3'). The nucleotide sequence data reported in this paper are available from DDBJ, EMBL, and GenBank accession numbers D89573-D8959 1.
Phylogenetic Analysis
Multiple alignment of sequences was done using the CLUSTAL W (version 1.6) program (Thompson, Higgins, and Gibson 1994) . The PHYLIP package (Felsenstein 1996) was used for phylogenetic analyses. Genetic distances were calculated using the Jukes-Cantor model (Jukes and Cantor 1969 ) and Kimura's two-parameter model (transitions/transversions
[t&v] ratio = 2) (Kimura 1980) , and a neighbor-joining tree (Saitou and Nei 1987) was constructed.
The reliability of each interior branch was tested by 1,000 bootstrap replications. The maximum-likelihood tree (Kishino and Hasegawa 1989) was searched by the DNAML program in the PHYLIP package. Maximum-parsimony analyses were performed with the branch-and-bound algorithm in PAUP version 3.1.1 (Swofford 1993) , using equal weighting for all substitutions.
To evaluate the robustness of the internal branches of the maximum-parsimony trees, 1,000 bootstrap replications were executed with heuristic random stepwise additions being performed at each replication.
Results
Mitotype Variations
Four hundred two base pairs of the nucleotide sequences for both strands were determined from the 62 specimens of the T. obscurus complex and one specimen of each of the outgroup species ( fig. 3 ). Nineteen differing sequence types were found. Each mtDNA haplotype (mitotype) was named after the species. Ten mitotypes occurred in T. obscurus, six in T. brevispinis, and three in T. kuroiwae (table 1). Three of the 19 mitotypes were common to more than one species, with most being found in T. brevispinis. One of the common mitotypes, HYB 1, was observed in 10 examples of T. brevispinis, 1 T. obscurus, and 1 hybrid. HYB2 was observed in one T. brevispinis and one hybrid. OB/BR was observed in six T. brevispinis and one T. obscurus. No mitotypes were common to T. kuroiwae and the other groups. Table 2 shows pairwise comparisons of the numbers of transitions and transversions among the mitotypes. When compared interspecifically, few differences were found between T. obscurus and T. brevispinis, although there were many sequence differences in the other species pairs. The differences between T. obscurus and T. brevispinis were found to be at intraspecific level.
Amino acid sequences (134 residues) from the above mitotypes were inferred from the nucleotide sequences and compared. Most of the amino acid sequences were identical in T. obscurus and T. brevispinis, except those for 0BS5 and BREl, which differed by one amino acid replacement at different sites. Amino acid sequence differences among the mitotypes of T. kuroiwae were also few; those for KURl and KUR2 were identical, and KUR3 differed from KURl and KUR2 by a single amino acid replacement.
The amino acid sequences of T. kuroiwae differed from those of T. obscurus and T. brevispinis by one to three amino acid replacements.
Overall, the mitotypes of the T. obscurus complex differed from those of T. bifasciatus and T. trigonocephalus by four to eight amino acid replacements. Amino acid sequences of T. bifasciatus and T. trigonocephalus differed from each other by five amino acid replacements.
Phylogenetic
Relationships of Mitotypes Figure 4 shows the NJ tree based on Kimura's twoparameter model (t&v = 2.0). This tree indicates that lineages of the mtDNA of the T. obscurus complex belong to either of two major clades, one composed of the (2) NOTE.---Underlined mitotypes are shared by more than one group. mitotypes of T. obscurus and T. brevispinis and the other composed of those of T. kuroiwae, both clades being supported by high bootstrap probabilities (BP = 100%). In the former clade, mitotypes were not divided as for two species but, rather, formed three subclades, each comprising mitotypes of both species. These subclades, tentatively named subgroups I, II, and III, were supported statistically by 67%, 70%, and 71% BPS, respectively. Subgroups I and II are monophyletic according to the above tree (BP = 85%). Although genetic distances were also estimated using the Jukes-Cantor model, the topology of the resulting neighbor-joining (NJ) tree did not differ from that proposed by Kimura's model.
The maximum-likelihood (ML) tree is shown in figure 5 . Although we tried to find the ML trees using two parameters (t&v = 2 or lo), informative sites showed only transition differences within the 7'. obscurus-T. brevispinis clade. The topology was not affected by the tsltv ratio. The resulting ML tree is very similar to the NJ tree except that subgroup II in the former is closer to subgroup III than to subgroup I. However, the internal branch length, which indicates the monophyly Nom-Numbers of transversion differences above diagonal; numbers of transition differences below diagonal (for a 402-bp fragment of the mitochondrial cytochrome b gene).
of subgroups II and III, did not differ significantly from zero.
Parsimony analysis using branch-and-bound algorithms produced 12 shortest trees (tree length = 164, consistency index = 0.84, consistency index excluding uninformative characters = 0.76, retention index = 0.86, and resealed consistency index = 0.72). Of these, figure 6 shows the strict consensus tree, which is similar to the NJ and ML trees and shows the same subgroups (I, II, and III). In these trees, two synapomorphies (nucleotide positions 141 and 222) were shared by subgroup II, three synapomorphies (positions 30, 225, and 276) by subgroup III, and one synapomorphy (position 366) by subgroups II and III. The length of the NJ tree was one step greater (position 165) than that of the other two trees because the synapomorphy (position 366) of subgroups II and III was homoplasies in the former.
Geographical Distributions of Mitotypes
In each of the three phylogenetic trees (NJ, ML, and parsimony), mitotypes of T. obscurus and T. brevispinis were divided into three subgroups, although statistical values were low. Specimens representing geographically close populations contained mitotypes be- fig. 2, no. 6 ). In eastern to northern Honshu, 0BS2 (subgroup I) and OBS5 and OBS8 (subgroup III) were obtained from Moune Bay (fig. 2, no. 9 ), HYBl, HYB2 and Babel (subgroup I) and OBSl (subgroup III) from Lake Hinuma (fig. 2 , no. 10) and 0BS2 (subgroup I) and OB S7 (subgroup III) from the Tsurumi River ( fig. 2, no. 13) .
Discussion
Introgression
or Not?
We previously showed that 4 of the 14 protein loci in two species of gobiid fishes, T. obscurus and T. brevispinis, did not share any alleles, Nei's genetic distance values (Nei 1987 ) being 0.501-0.707 ( fig. 1 ) (see also Mukai et al. 1996) . These large differences in the allozyme analysis, which were also observed between sympatric populations, suggested the existence of reproductive isolation between 7'. obscurus and T. brevispinis. Kim and Yang (1995) , who examined 24 protein loci, many differing from those used by Mukai et al. (1996) , also found allopatric populations of T. obscurus and T. brevispinis on the Korean Peninsula to be genetically divergent, with Nei's genetic distances of 0.129-0.223.
In the present study, however, phylogenetic analysis of T. obscurus and T. brevispinis using mtDNA resulted in very similar mitotypes which could not be divided into two separate species. In addition, the phylogenetic relationships of the mitotypes conformed not to species' boundaries but to geographical features ( fig. 7) .
The incompatibility of genetic distances and phylogenetic relationships inferred from allozyme and mtDNA analyses may be explained by the slow evolutionary rates of the cytochrome b gene. It has been shown that the molecular evolutionary rates of the latter are slower than those of other regions of mtDNA, such as the control region, ND, and ATPase genes (Meyer 1994) . Such slow evolutionary rates may result in an underestimation of mitotype divergence, the polyphyletic mtDNA of 7'. obscurus and T. brevispinis reflecting ancestral polymorphisms.
In the fact, several examples are known of polyphyletic or paraphyletic mtDNA in recently separated animal species (Avise 1994) .
Nonetheless, the results from both analytical approaches (allozyme and cytochrome b gene) indicated clear interspecific divergences among the other species pairs except T. obscurus and 7'. brevispinis. The genetic distances estimated by the allozyme frequencies (Mukai et al. 1996) between T. bifasciatus and T. trigonocephalus were 0.284-0.326 (mitotype divergence 20.71%), and those between T. kuroiwae and T. bifasciatus-T. trigonocephalus were 0.355-0.756 (mitotype divergences 19.38%-19.83%). For T. obscurus and T. brevispinis, although genetic distances estimated from allozyme data were about 0.200 (Kim and Yang 1995) or over 0.500 (Mukai et al. 1996) , mitotype divergences were less than 3%, with several mitotypes shared between the species. Only in this species pair was the degree of mitotype divergence extremely low compared to that from allozyme data. Even if the slow evolutionary rate of cytochrome b gene should cloud the phylogenetic relationships of closely related species, it does not ex- Alternatively, the incompatibility of allozyme and mtDNA analyses can be explained by mtDNA introgression between T. obscurus and T. brevispinis. Although the species are genetically distinct from each other, a putative F1 hybrid of the two was collected in Lake Hinuma ( fig. 2 , no. 10). Kim and Yang (1995) also reported that natural hybridization of 7'. obscurus and T. brevispinis occurs in the sympatric population in the Bangjuk stream in Korea. In addition, mtDNA analysis showed that the two species and their hybrid shared several mitotypes (HYB 1, 2 and OB/BR), indicating the occurrence of natural hybridization and backcrossing between the two species. Accordingly, it may be suggested that the two "species" are still undergoing a speciation process, with the possibility of their hybridization causing subsequential gene flow between them. Allozyme analysis shows the overall genetic difference and hence cannot distinguish between ancestral polymorphisms and introgressive hybridization as reflected by polymorphic loci. In the 2'. obscurus complex, especially in T. obscurus and T. brevispinis, although 10 of 14 isozyme loci were polymorphic, 6 polymorphic loci shared the same alleles (table 3) (Mukai et al. 1996) . Some of these polymorphic loci may indicate nuclear genome introgression.
In addition, the hybrid rate between T. obscurus and T. brevispinis may be very much higher than the hybrid rate (about 3/30,000) between Drosophila persimilis and D. pseudoobscura (the subject of the first report of mtDNA introgression) (Powell 1983) . Thus, we considered that the most likely explanation for mitotype similarity in T. obscurus and T. brevispinis was mtDNA introgression between the two species.
In T. obscurus and T. brevispinis, each mitotype was more closely related to those obtained from a geographically close population of alternative species than to mitotypes of the same species in geographically distant populations.
It may be predicted that hybridization occurs in several sympatric populations.
Therefore, the mtDNA phylogeny did not indicate "species" phylogeny but, rather, multiregional introgression between the two species.
Degree of Hybridization without an Apparent Hybrid Zone
According to the biological species concept (Mayr 1963) , different taxa are united into a single species when hybridization and introgression occur. In many animals and plants which hybridize, however, introgression has been reported in a zone in which allopatric taxa have overlapping distributions (Harrison 1989; Rieseberg and Soltis 1991) . Such taxa maintain their morphological, ecological, and genetic integrity in those regions of their distribution far from the hybrid zone. Consequently, these taxa are usually treated as different species, although their integrities are disturbed and may lead to hybrid swarms in and around the hybrid zone.
Many examples of introgression which have been reported in freshwater fishes are actually restricted to narrow hybrid zones (Smith 1992) . In marine fishes, however, hybrid zones become obscure because many species have planktonic larvae (Okiyama 1988 ) that can drift for considerable distances before settlement. Consequently, mtDNA introgression may become obscured and has, in fact, been reported only in tunas (Chow and Kishino 1995) . Studies of introgression in marine fishes would therefore be valuable in determining how hybridizing taxa maintain their morphological, ecological, and genetic integrity in the absence of a recognizable hybrid zone. In gobiid fishes, many species also have highly dispersible planktonic larvae (Okiyama 1988) . Accordingly, it is likely that a hybrid zone would not be apparent between hybridizing species. If multiregional introgression occurs between T. obscurzis and T. brevispinis, to what extent did it occur and how is the genetic integrity of each species maintained?
In the present study, some specimens of T. obscurus and T. brevispinis shared mitotypes (table 1) . Mitotypes HYBl and HYB2 were shared by T. obscurus, 2'. brevispinis, and their hybrids. HYBl was obtained from one T. obscurus, two T. brevispinis, and one hybrid specimen in Lake Hinuma ( fig. 2 , no. 10) and eight T. brevispinis in the eastern part of Honshu. HYB2 was found only in Lake Hinuma. Mitotype OB/BR was also shared by T. obscurus and T. brevispinis, being found in one T. obscurus in Lake Kamo ( fig. 2, no. 2), and six T. brevispinis in Lake Hachirou-gata ( fig. 2 , no. 1) and the Takase River ( fig. 2, no. 8 ). In addition, putative hybrid individuals have been found in Korea (Kim and Yang 1995) . Thus, it appears certain that mtDNA introgression occurs in several populations.
Although such introgression is multiregional, hybrids between the two species appeared to be rare, since none were found by allozyme analyses of 61 T. obscurus and 88 T. brevispinis from six and seven populations, respectively, around Japan (Mukai et al. 1996) . On the Korean Peninsula, putative hybrid individuals were found in a single stream, although 17 allopatric and 4 sympatric populations were analyzed (Kim and Yang 1995) . Furthermore, many specimens of T. obscurus and T. brevispinis did not share mitotypes, with examples of both species from the same river systems (Lake Nakaumi and Lake Shinji, estuary and lower basin of the TsumtDNA Phylogeny of Hybridizing Gobiid Species 1265 rumi River) also having different mitotypes, although these differed only slightly from each other. Two T. obscurus specimens from Lake Nakaumi and two T. brevispinis specimens from Lake Shinji had mitotypes OBS6 and BRE3, respectively, these mitotypes differing by only two transitions (both mitotypes belonging to subgroup III). Similarly, two T. brevispinis and one T. obscums from the Tsurumi River had HYBl and 0BS2, respectively, mitotypes differing by only one transversion (both belonging to subgroup I). Therefore, it is suggested that T. obscurus and T. brevispinis are now reproductively isolated in these populations. Hypothetically, common hybridization might have occurred in the past, with reproductive isolation now being almost complete, although the remnants of a hybrid swarm may still persist in several locations. Thus, it may be valid to treat the two "species" as biological species, although their mtDNA phylogeny did not indicate a species boundary. Interesting questions remain. How do such species maintain their reproductive isolation, and has past hybridization resulted in a strengthening of premating isolation or impeded speciation? Further analyses are clearly necessary.
